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Abstract
The measurements of the top quark flavor changing neutral current interactions are one of the
most important goals of the top quark physics program in the present and the future collider
experiments. These measurements provide direct information on non-standard interactions of the
top quark. Within the framework of new physics beyond the Standard Model, these interactions
can be defined by an effective Lagrangian. In this study, we have investigated the potential of
the future µp colliders on the top quark flavor changing neutral current interactions through the
subprocesses γq → t → Wb where q = u, c. These subprocesses have been produced through the
main reaction µp → µγp → µWbX at the LHC−µp, the FCC−µp and the SPPC-µp . For the
main reaction, the total cross sections have been calculated as a function of the anomalous tqγ
couplings. In addition, sensivities on BR(t → qγ) at 95% Confidence Level have been calculated.
We obtain that the best constraints on BR(t → qγ) are at the order of 10−7 which is four orders
of magnitude better than the LHC’s experimental results.
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I. INTRODUCTION
The Standard Model (SM) that is the fundamental theory of particle physics is a con-
firmed strong theory as experimental. Especially, with the ultimate discovery of the approx-
imately 125 GeV Higgs boson at the LHC in 2012, the SM has achieved an important success
[1, 2]. Although the SM has many significant successes, it includes still important questions
unanswered. In order to answer these questions, different theoretical models beyond the SM,
called new physics (NP), have been suggested in the literature. In addition, the interactions
of the top quark take more attention among these NP model interactions, because the top
quark is the only fermion that it has mass at the scale of electroweak symmetry breaking
[3].
One of the most attractive NP models in relevant with top quark physics is Flavour
Changing Neutral Currents (FCNC) transitions. In the FCNC transitions, the fermions in-
teract with neutral gauge bosons, changing its flavour without changing the electric charge.
Such transitional processes in the SM have been forbidden at tree level and strongly sup-
pressed in the one loop level by the Glashow-Iliopoulos-Maiani (GIM) mechanism [4, 5]. On
the other hand, there are various models beyond the SM which make possible to FCNC tran-
sitions [6–14]. One of these is a model-independent effective Lagrangian method which based
on the idea that SM is the low energy limit of a more fundamental theory. In this context,
it can be used to examine the effects of the top quark FCNC interactions by determining
deviations in the SM predictions.
The effective Lagrangian that gives rise to FCNC interactions between the top quark, the
photon and any of u and c quarks is identified as follows
L =
∑
q=u,c
igeett¯
σµνp
ν
Λ
κtqγqA
µ (1)
where σµν = [γµ, γν ]/2 with γµ which stands for the Dirac matrix, κtqγ is the anomalous
coupling constant, ge is the electromagnetic coupling constant, et is the electric charge of
the top quark. Also, Λ is the conventionally taken mass of the top quark in here. Thus, we
take Λ = mt where mt is the mass of the top quark. Besides, we assume κtuγ = κtcγ in our
calculations. The anomalous decay width of the top quark to u or c quarks can be written
as follows
2
Γ(t→qγ) = g
2
ee
2
tκ
2
tqγm
3
t
8πΛ2
. (2)
In the above equation, the masses of u and c quarks are omitted. The major decay channel
of the top quark is t→Wb, the decay width for this channel is given as follows [15]
Γ(t→bW ) = α|Vtb|
2
16s2w
m3t
m2w
(1− 3m4W/m4t + 2m6W/m6t ) (3)
where |Vtb| is the CKM matrix element and α is the fine structure constant, sw is defined the
sine of the Weinberg angle. Also, mW is the mass of the W boson. In Eq. 3, we have used
as |Vtb| = 0.999, α = 1128.921 , mt = 172.5 GeV, mw = 80.4 GeV and s2w = 0.2342. Hence,
the decay width for t→ Wb have obtained as Γ(t→Wb) ≃ 1.44. Therefore, the branching
ratio of the anomalous t→ qγ coupling can be generally described as follows
BR(t→ qγ) = Γ(t→ qγ)
Γ(t→ Wb) . (4)
In the literature, there are many experimental and theoretical studies concerned with
FCNC interactions of the top quark via effective Lagrangian method [16–60]. Experimental
limits in related with the FCNC interactions have been obtained by various particle collider
collaborations. Provided by the CDF collaboration, the branching ratio at 95% Confidence
Level (C. L.) for t → qγ decay is BR(t → qγ) < 3.2% [61]. Besides, obtained upper limit
at 95% C.L. on the anomalous tqγ couplings by the ZEUS collaboration is κtqγ < 0.12
[62]. In addition to mentioned above, the most recent experimental constraints on the top
quark FCNC couplings have been obtained by the CMS collaboration. These constraints are
BR(t→ uγ) < 1.3×10−4 and BR(t→ cγ) < 1.7×10−3 [63]. Furthermore, by utilizing Eqs.
2-4, the sensitivity limits of the anomalous coupling have been calculated as κtqγ < 0.094.
II. MUON-PROTON COLLIDERS
In particle physics researches, it is aimed to get more information about new physics
by using developed accelerator technologies which allow different types of collisions such as
hadron-hadron, lepton-lepton, lepton-hadron to be examined. The Large Hadron Collider
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(LHC) is a circular proton-proton collider which is the most powerful particle accelerator
built so far. In parallel to developments in accelerator technology, the LHC will be upgraded
and utilized as a lepton-hadron collider in the near future. In this regard, it is first planned
that the LHC will be transformed into the Large Hadron electron Collider(LHeC) having
an electron ring to be tangentially constructed to the main tunnel of the LHC. After the
completion of the LHeC mission, the LHC−µp option will be activated by replacing the
electron ring with the muon ring. On the other hand, it is planned to construct two new
multi-purpose accelerator complexes having high luminosity energy frontier at far future.
One of these complexes is the Future Circular Collider (FCC) machine to be built into the
post-LHC area at CERN in Europe in 2030s. According to the FCC study reports, it will
be mainly used as pp collider with 100 TeV center-of-mass energy at 100 km circular tunnel.
Besides, it is planned that ee, µµ, ep and µp collisions will be performed, as the additional
options [64–67]. The other complex, Super Proton Proton Collider (SPPC), is planned to
be implemented by Chinese scientists at the same time as the FCC [68]. In this context,
the SPPC will be activated as a pp collider with 70 TeV centre-of-mass energy at the 100
km main tunnel. Besides, SPPC will be operated also ee, µµ, ep and µp interactions as in
other accelerators.
Moreover, muon-proton colliders can be used not only as µp colliders but also as µγ, γγ
and γp colliders. These photons can be real photons that fit the compton backscattering
mechanism or that can be quasi-real photons conform to the Equivalent Photon Approxima-
tion (EPA) which is a more realistic approach than the compton backscattering mechanism.
In the EPA, incoming muon or proton are scattered with the very small angle from beam
pipe by losing a small part of their transverse momentum and by emitting a photon at
forward direction [69–71]. Firstly, these emitted photons either interact with each other
and achieve γγ collisions. Secondly, a quasi-real photon emitted from the incoming muon
beam can interact with proton beam shortly and thus γp processes occur. In this respect,
the main parameters for µp colliders, used in examining the process of γp interaction in our
study, are presented in Table I [72–75].
In this study, we have investigated the anomalous tqγ couplings for the process µp →
µγp→ µWbX with the subprocesses γq → t→Wb where q = u, c. Also, we have obtained
95% C.L. limits on BR(t→ qγ) for the center-of-mass energies and integrated luminosities
of the LHC-µp, the FCC-µp and the SPPC-µp.
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III. CROSS SECTIONS AND SENSITIVITY ANALYSIS
In this section, we have examined the potential of the future µp colliders on the
anomalous FCNC transitions through tqγ interactions. Schematic diagram for the process
µp→ µγp→µWbX is shown Fig. 1. The tree level Feynman diagrams for the subprocesses
γq →Wb in our calculations are displayed in Fig. 2. These subprocesses include four Feyn-
man diagrams. Three of these diagrams give only SM contribution and a Feynman diagram
consists of the anomalous tqγ contribution arising from new physics. For the main process
µp → µγp→µWbX , the total cross sections as a function of the anomalous κtqγ couplings
for various center-of-mass energy values of the LHC-µp, the FCC-µp and the SPPC-µp have
been investigated. We have performed on numerical cross section calculations using by the
CalcHEP simulation program which is been added the new interaction vertices [76]. In here,
the distribution function of photon emitted by muon in the EPA is given by
fγ(x) =
α
πEµ
{[1− x+ x
2
x
]log(
Q2max
Q2min
)− m
2
µx
Q2min
(1− Q
2
max
Q2min
)− 1
x
[1− x
2
]2log(
x2E2µ +Q
2
max
x2E2µ +Q
2
min
)}(5)
where x = Eγ
Eµ
and Q2max is the maximum virtuality of the photon. During the calculation,
the photon virtuality is taken as Q2max = 2 GeV
2. The minimum value of Q2min is given as
follows
Q2min =
m2µx
1− x (6)
where mµ is the mass of the muon. In addition, for the final state b quark, we apply cuts as
pt > 20 GeV for the transverse momentum and as |η| < 2.5 for pseudorapidity. For parton
distribution functions, the CTEQ6L1 is adopted [77]. The total cross sections of the process
µp→ µγp→µWbX with respect to the anomalous κtqγ couplings for different center-of-mass
energies of the LHC-µp, the FCC-µp and the SPPC-µp have been presented in Figs. 3-5. As
seen in these figures, the total cross section increases with increasing values of center-of-mass
energies. This situation is an expected result due to the new physics contributions having
more energy dependence than the SM. In addition, the increasing trend for the total cross
section has also observed for the increasing κtqγ values.
On the other hand, it is required statistical analysis to determine whether the effects of the
anomalous κtqγ couplings on the cross sections are experimentally measurable. Therefore,
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we have examined the precision of the process µp→ µγp→µWbX to the branching ratios of
t→ qγ with the χ2 statistical analysis without a systematic error. The χ2 function is given
by
χ2 = (
σsm − σNEW
σsmδ
)2 (7)
where σNEW is the total cross section of the process containing both the SM and the NP
contributions and δ = 1√
N
is the statistical error; N = Lint × BR × σSM represents the
number of SM events. In here, BR is the branching ratio of the W boson. We think of both
leptonic and hadronic decay of the W boson in the final state of the process. For this reason,
we take BR(W → ℓνℓ; ℓ = e, µ) = 0.213 for leptonic decay and BR(W → qq′) = 0.676 for
hadronic decay. In Figs. 6-11, we present sensitivity limits on BR(t → qγ) for different
center-of-mass energies as a function of integrated luminosities of the LHC-µp, the FCC-µp
and the SPPC-µp. In here, we plot Figs. 6, 8 and 10 by assuming that the W boson decays
leptonic channel and Figs. 7, 9 and 11 by considering that the W boson decays hadronic
channel. We understand from these figures that the hadronic decay channel is a little more
sensitive to new physics than leptonic decay channel. Even though, these branching ratios
for hadronic and leptonic decay channel are the same order magnitude with each other.
For the leptonic and hadronic decay channels, the sensitive limits on BR(t→ qγ) at 95%
Confidence Level as a function of the integrated luminosity through the process µp→ µγp→
µWbX at the LHC−µp, the FCC−µp and the SPPC-µp are given in Figs. 6-11. As seen in
Fig. 6, the limits on BR(t→ qγ) at the LHC−µ1500 with luminosity value of 1 fb−1 can set
more stringent sensitive by three orders of magnitude with respect to current experimental
limits. The values of branching ratio obtained for the leptonic channel are weaker by a
factor of 0.75 than those corresponding to the hadronic channel as shown in Figs. 6 and 7.
γp collisions at the 3.5 TeV FCC with an integrated luminosity of 0.02 fb−1 represent that
the limits on the branching ratio are calculated as BR(t → qγ) = 1.75× 10−4. It improves
approximately the sensitivity of branching ratio by up to roughly 10 times compared to
the LHC. For the leptonic and hadronic channels, the FCC−µ1500 with √s = 17.3 TeV
and L = 5 fb−1 probes the BR(t → qγ) with a far better than the experiments limits.
However, in Figs. 10 and 11, we have acquired the most stringent limits on BR(t → qγ)
for the luminosity value of 43 fb−1 at the SPPC2−µ1500. These limits are four orders of
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magnitude better than the sensitivity of the LHC. In addition, the best sensitivities derived
on on BR(t → qγ) from the process µp → µγp → µWbX at the LHC−µp, the FCC−µp
and the SPPC-µp change from the order of 10−4 to the order of 10−7.
IV. CONCLUSIONS
The FCNC interactions of the top quark are one of the ways of new physics research be-
yond the SM. However, the anomalous tqγ couplings via γp collisions might also be uniquely
revealed in single top quark production. µp colliders that are thought to be constructed in
the future years can be designed as a high energy γp and γγ collider. In this motivation,
we have investigated the process µp → µγp→µWbX with the anomalous tqγ couplings
in a model independent effective Lagrangian approach. Within this framework, we have
obtained constraints on BR(t → qγ) for different center-of-mass energies and integrated
luminosities of the LHC-µp, the FCC-µp and the SPPC-µp. Also, the leptonic and hadronic
decay channels of the W boson in the final state of the examined process are considered to
detect sensitivities of the anomalous couplings at µp colliders. Our results show that the
sensitivity to BR(t → qγ) is three orders of magnitude better than the LHC experimental
limits. Consequently, we have inferred that the future µp colliders will be playing a key role
in the examination of the anomalous interactions of top quark via FCNC transitions.
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TABLE I: The main parameters of muon-proton colliders
Collider Eµ(TeV)
√
s(TeV) L(fb−1)
LHC-µ750 0.75 4.58 14
LHC-µ1500 1.5 6.48 23
LHC-µ3000 3.0 9.16 9
FCC-µ63 0.063 3.50 0.02
FCC-µ750 0.75 12.2 5
FCC-µ1500 1.5 17.3 5
SPPC1-µ750 0.75 10.33 5.5
SPPC2-µ750 0.75 14.28 12.5
SPPC1-µ1500 1.5 14.61 4.9
SPPC2-µ1500 1.5 20.2 42.8
µ µ
γ
FIG. 1: Schematic diagram for the process µp→ µγp→µWbX
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γ γ
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FIG. 2: Tree level Feynman diagrams for the subprocesses γq → Wb(q = u, c) in the presence of
the anomalous tqγ couplings.
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FIG. 3: The total cross sections of the process µp→ µγp→µWbX as a function of the anomalous
κtqγ coupling for three different center-of mass energies of the LHC-µp.
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FIG. 4: The total cross sections of the process µp→ µγp→µWbX as a function of the anomalous
κtqγ coupling for three different center-of mass energies of the FCC-µp.
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FIG. 5: The total cross sections of the process µp→ µγp→µWbX as a function of the anomalous
κtqγ coupling for four different center-of mass energies of the SPCC-µp.
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FIG. 6: For leptonic decay channel of the W boson, 95% C.L. sensitivity limits on BR(t→ qγ) for
various integrated luminosities of LHC-µp.
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FIG. 7: The same as Fig.6, but for hadronic decay channel of the W boson.
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FIG. 8: For leptonic decay channel of the W boson, 95% C.L. sensitivity limits on BR(t→ qγ) for
various integrated luminosities FCC−µp.
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FIG. 9: The same as Fig.8, but for hadronic decay channel of the W boson.
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FIG. 10: For leptonic decay channel of the W boson, 95% C.L. sensitivity limits on BR(t → qγ)
for various integrated luminosities SPCC−µp .
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FIG. 11: The same as Fig.10, but for hadronic decay channel of the W boson.
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